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INTRODUCTION 
In recent years the effects of agricultural practices on water quality have 
become of increasing concern to agriculturalists and environmentalists alike. 
High nutrient loadings in streams have been attributed to improper animal waste 
disposal and fertilizer spreading. The resulting strict legislation concerning 
water quality practices may impose an unnecessary economic burden on the 
farmer. There is, therefore, a critical need to know the actual effects of 
common agricultural practices on water quality and the chemical processes 
involved in the farm to river ecosystem. 
Phosphate, a major component of both fertilizer and manure, has come 
under intensive investigation as a potential cause of algal blooms and lake 
eutrophication. Movement of phosphate from farm lands into streams may pro¬ 
ceed by either surface erosion of soil particles or leaching of phosphate into 
ground water followed by transport into surface water systems. Field studies of 
the problem have met with limited success in identifying sources of phosphate 
loading of surface water (Appendix) due to the complexity of the systems in¬ 
volved and the inability to separate variables. Phosphate chemistry in soils is 
so complex that it has proved difficult to make general predictions concerning 
phosphate behavior in field systems. 
Recently, equilibrium studies. White and Beckett (61), have been used to 
simulate field reactions in the laboratory. Such studies offer a means of re¬ 
moving some of the variables encountered in a field system. Obviously, such 
laboratory studies involve a number of arbitrary experimental assumptions and 
are somewhat removed from real systems. However, Taylor and Kunishi (57) 
have applied such studies to predict qualitatively whether different types of 
soils are likely to remove or release phosphate from solution upon mixing with 
stream water. 
This investigation included both laboratory and field studies of reactions 
and movement of phosphate in an attempt to utilize the advantages of both 
approaches. The objectives of this investigation were: 
1) to evaluate phosphate leaching from fertilized surface soils by 
measuring phosphate concentrations in subsoil and ground water; 
2) to compare subsoil and ground water phosphate concentrations with 
phosphate concentrations in nearby streams; 
3) to compare subsoil and ground water phosphate concentrations with 
those predicted on the basis of laboratory studies; and 
4) to evaluate the potential of fertilized surface soils to contribute 
phosphate to stream water upon erosion of the soil. 
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LITERATURE REVIEW 
Studies on the reactions of phosphate fertilizers applied to soils indicate 
two basic processes to be operating. The first, mineralization, is a process of 
chemical conversion of applied phosphates to inorganic crystalline minerals of 
known solubility product and composition. The second process is the reaction 
of solution phosphate with solid phase components in the system to form solids 
of indefinite composition. This process has been shown to have many of the 
characteristics of a surface adsorption reaction. 
While these two aspects of phosphate reaction are related, the complex 
chemistry involved has made characterization of the relationship between them 
difficult. In few instances has the solubility of a particular crystalline phosphate 
mineral been shown to govern the solution phosphate concentration exactly. The 
reasons lie in the chemical mechanisms involved in the mineralization process. 
Mineralization 
The mineralization process covers a wide range of reactions. In soils vari- 
scite, strengite, and hydroxyapatite are the crystalline minerals of greatest thermo¬ 
dynamic stability and should be the ultimate products of phosphate reactions. 
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In low pH acid soils members of the variscite (AIPO4 * 2 H2O) pK^30.5 
and strengite (FePO^ ' 2 H2O) pK^33.5 series should be the predominant re¬ 
action products (11,24, 32,65). The greater pK of strengite indicates it would 
t O 
be more stable than variscite provided the Fe^° concentration in solution is not 
more than three orders of magnitude less than the AI+3 concentration. Formation 
of such minerals may proceed from initial reactants to a successive conversion to 
more and more thermodynamically stable products which are decreasingly soluble 
in water. Final formation of the most stable species may require several years. 
Under certain conditions alteration of the chemical composition of some of the 
reaction products may occur by isomorphous substitution of potassium, sodium, 
and ammonium ions into these minerals. 
Under alkaline conditions the apatite series predominates (8, 11,30, 31,36). 
Initial applications of fertilizer as dicalcium phosphate, Ca(H2PO^)2 ’ H2O, are 
converted to calcium phosphate, (CaHFO^), octocalcium phosphate, *-ag(^2^4^6 
5H2O, and finally hydroxyapatite, Ca^ ^(PO^^OH^. As with the strengite and 
variscite series, the formation time to achieve the most stable product may be 
several years. In soils of sufficient fluoride concentration, fluorapatite may re¬ 
place hydroxyapatite as the ultimate reaction product. (Figure 1). 
The relative stability and rate of formation of different reaction products in 
all three series is probably a function of a number of variables including specific 
surface, degree of crystallinity, particle size and product of the soil, and pH. 
The pH is of particular importance in controlling mineral solubility and the re¬ 
lease of phosphate into solution. 
FIGURE 1 
PHOSPHATE SOLUBILITY DIAGRAM 
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Solution Phosphate and Mineralization 
There have been many studies comparing phosphate concentrations in soil 
water to concentrations predicted by the solubility product. Wright (65) found 
that phosphate concentrations in extracts on acid soils to which no phosphate 
had been applied for at least five years corresponded closely to those predicted 
for the solubility product of variscite. Similarly, Murrmann and Peech (36) found 
that phosphate concentration in extracts of limed soils that had received no phos¬ 
phate application for at least five years, corresponded to that predicted by the 
solubility product of fluorapatite. However, Cole and Olsen (13, 15), Jensen 
(23), and Taylor and Gurney (56), have shown that solution phosphate concen¬ 
trations may vary widely from predicted values where applied phosphate has 
reacted with the soil for a short period of time or when soil conditions were 
changed as in liming. Often solution phosphate values fall well below the con¬ 
centrations expected for any common crystalline mineral dissolution. 
Murrmann and Peech (38) found that in alkaline soils to which variscite and 
strengite had been added and acid soils to which hydroxyapatite had been added, 
that solution phosphate was unaffected by the presence of these minerals, even 
over a two month equilibrium period. The rates of dissolution of these minerals 
were simply too slow to significantly affect the equilibrium concentration of 
phosphate over the two month period. 
This evidence suffices to show that mineralization is at best only one con¬ 
trolling mechanism operating on solution phosphate levels in soils. Under certain 
specific conditions mineral solubility products do govern solution concentrations. 
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However, in field situations these are conditions which are not often met. In 
order to develop a more comprehensive understanding of solution phosphate be¬ 
havior, it is necessary to examine the results of research into an alternative type 
of reaction mechanism which is known to affect solution phosphate. 
Adsorption 
Investigation into mineralization has been accompanied by parallel research 
into the second phosphate reaction mechanism, adsorption. Contrary to the 
rigorously defined mineralization process, adsorption is a somewhat general 
heading covering a series of reactions which, although displaying adsorption¬ 
like characteristics, may involve more than simple surface adsorption. 
These adsorption-like characteristics have been demonstrated for the uptake 
of phosphate on calcium carbonate by Cole and Olsen (14), on montmori I ionite 
by Hall and Baker (18), on goethite by Hingston (20), and on kaolinite by 
Kafkafi et al. (25). As expected for a liquid solid adsorption phenomenon, 
phosphate uptake is a function of solution concentration and operative at phos¬ 
phate concentrations below that supported by the solubility of common minerals. 
Isotopic dilution studies with indicate that this adsorbed phosphate is initially 
exchangeable with solution phosphate. 
This exchange behavior forms the basis of the concept of labile phosphate 
which has been used to characterize the availability of solid phase phosphate 
in soils. 
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(P in soil) (P^ in solution) 
Labile P = 
(P^ In solution) 
This isotopically exchangeable "labile" phosphate has been shown by Amer 
et al. (2) to be equivalent in amount to resin extractable phosphate and by 
Murrmann and Peech (37) to be closely correlated to solution phosphate. Un¬ 
fortunately, this labile phosphate varies with time of equilibration and is, hence, 
an arbitrarily defined term. The reason is due to the fact that overall phosphate 
uptake process is not a simple adsorption mechanism in clays or soils and is not 
completely reversible. Additional chemical interaction apparently occurs after 
the initial adsorption process. Kafkafi et al. (25) showed by isotopic dilution 
with P32 that while all of the phosphate adsorbed by kaolinite was initially ex¬ 
changeable, the amount isotopical ly exchangeable rapidly decreased with both 
time and dilution. Apparently, some alteration of the reaction product of the 
kaolinite surface was occurring and the mechanism was not simple surface adsorption. 
Kinetic studies have provided additional insight into this sequence. Amer et ai. 
(2), Low and Black (33), and more recently, Li and Armstrong (28), have resolved 
the uptake of phosphate into at least three first-order reactions. Most of the 
phosphate was adsorbed in a rapid reaction complete in about two hours with the 
slower step requiring up to 80 hours for completion. Low and Black (33) suggested 
the first step of the reaction with kaolinite to be a chemisorption process with phos¬ 
phate replacing clay edge hydroxyls. However, the exact nature of all three steps 
remains speculative. 
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Additional evidence for the chemisorption step comes from a number of 
inhibition studies (39,42,52). Inorganic ions (F“ and As") and certain organic 
ions (citrate, tartrate, and bicarbonate) have been shown to inhibit phosphate 
uptake. The nature of the inhibition appears to indicate competition for specific 
adsorption sites. 
Recent investigation (18,48,53) has revealed colloidal iron and aluminum 
gels of short-range order, and large surface area (100-300 m^/g) to be very 
important in phosphate uptake in soils and sediments. Studies indicate that even 
in calcareous soils these components may be the soil fraction most significantly 
involved in phosphate uptake. Kinetic studies by Tandon and Kurtz (54) indicate 
iron phosphate bonding to be more thermodynamically stable but less active kinetically 
than aluminum counterparts (45). This behavior is, however, subject to a number 
of variables including system redox potential, solubility, and pH. Conditions of 
low redox reduce iron III to iron II, increase the solubility of compounds and may 
increase phosphate adsorption capacity (44). Hence, the conditions of a particular 
soil system probably have a number of effects on the uptake system. Fractionation 
studies (10,19,64) using NaOH, NH^F, and HCI attempting to determine the 
nature of the phosphate compounds of importance in a particular system have been 
of limited success. 
Despite their empirical nature the preceeding kinetic, concentration, and 
chemical studies have shown that solution concentration is not controlled strictly 
by a mineralization mechanism, but rather a much more rapid chemisorption process 
that may be an initial phase of the overall mineralization process. Regardless of 
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the exact chemical nature of the mechanism the value of any theory on soil 
solution interaction lies in its ability to predict solution phosphate concentra 
tions; and this is the ultimate goal of such investigation. 
Phosphate Potential 
Several approaches have been taken to provide an effective means of 
solution phosphate prediction, all based on the same fundamental observations. 
-[-■ f- -j" — 
It can be shown that a number of ion activity products (Ca , H , K , h^PO^) 
in solution tend to remain constant with variation in electrolyte concentration. 
The basis of this phenomena, as reviewed by Clark and Peech (12) and Cole and 
Olsen (14), is due to the adsorption of ions by clay surfaces according to the 
Boltzman distribution. The phenomena is expressed by: 
(MZ+) (MZ+). exp 
-Ze \1> 
(—) 
kT 
where 
-Ze ^ 
exp (-■) 
kT 
M = cation 
A = anion 
Z = charge 
e = electronic charge 
\[s = potential 
T = absolute temperature 
k = Boltzman constant 
s = clay surface 
o = bulk solution, respectively 
<AZ+) (AZ_). 
combining equations: 
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(MZ+); 
(MZ+) 
1/Z+ 
[• 
(AZ") 
[• 
1/2- 
’] 
(A Z'). 
constant 
Applying this equation to systems controlled by a dicalcium phosphate solid 
phase, the activity (a±CaHPO^) will not vary with changes in solution pH, 
j j 
Ca , or ionic strength, while phosphate activity considered alone will vary as 
a function of all three (4, 14). 
1/2 
Schofield (47) proposed the use of the activity product a ^ * a^ ^^4 as 
a measure of the labile phosphate in the solid soil phases of comparable calcium 
1/2 
concentration. This activity product was represented by (RTIn a ' • a,, PO.) 
La 4 
and defined as the phosphate potential. While the validity of the expression has 
been established, use has been impeded by variables introduced in laboratory 
analysis. Determination of the equilibrium phosphate concentration is conducted 
by analysis of soil samples in contact with a series of solution of varying phosphate 
concentrations. Measurement is made of the amount of phosphate removed from or 
released to the solution after a given equilibrium time. This allows calculation of 
the exact solution phosphate concentration which will neither gain nor lose phos¬ 
phate to the solid phase, i.e., the equilibrium phosphate concentration. 
White (6,61,62,63), in an extensive series of papers, pointed out that this 
equilibrium value would necessarily be a function of the equilibration time and 
the soil solution ratio in all soils where the pool of labile phosphate had not come 
to equilibrium with other solid phase components in the system. He proposed air- 
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drying and prolonged storage as means of alleviating these problems. In addition, 
he indicated other variables which were potentially involved in the system, micro¬ 
bial activity, soil temperature, and soil moisture status. In short, regardless of 
particular experimental parameters, uniformity of analysis is essential. 
The utility of equilibrium studies has recently been demonstrated by Taylor (57) 
who used the methods of White and Beckett (61) to predict the behavior of phosphate 
in a stream draining an agricultural region. By calculating the equilibrium phos¬ 
phate by concentration values for soils and sediments adjoining the stream, he was 
able to determine whether these sediments were acting as sources or sinks for stream 
phosphate. The equilibrium concentration values were found to be much lower than 
measured stream phosphate levels indicating that the sediments in this stream were 
acting to remove phosphate from solution. 
In short, equilibrium studies conducted in the laboratory were used to character¬ 
ize the complex environmental problem. 
In an alternative laboratory application of equilibrium studies Bache (3) and 
Cole and Olsen (13) applied their data to the linear form of the Langmuir equation 
and found close correlation. The equation is denoted by: 
kbc 
x/m = - 
1 +kc 
x/m = amount of phosphate adsorbed 
b = adsorption maximum 
c = solution phosphate concentration 
k = constant related to the binding energy 
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The correlation to this equation allowed calculation of adsorption maximum 
values, which are closely related to available surface area. From these values 
estimation may be made of the relative ability of soil to adsorb phosphate by 
determining site saturation percentage. Such studies have not, however, been 
used to make quantitative predictions of solution phosphate concentration in 
the manner of Taylor (57). 
However, it does appear that regardless of the form, equilibrium studies do 
hold considerable promise as a means of making quantitative estimates of solution 
phosphate in field systems. 
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MATERIALS AND METHODS 
Field Sampling 
Ground water samples were obtained using suction lysimeters (Soil Moisture 
Equipment Co., Cat. No. 1900). Prior to installation the lysimeter cups were 
pretreated with lOppb phosphate solutions and then washed repeatedly in de¬ 
ionized water. Silica may adsorb small amounts of phosphate and pretreatment 
should minimize this adsorption tendency. Phosphate concentrations in all 
water samples were measured as soon as possible after sampling. 
Subsoil samples were taken when the lysimeters were installed. The soil 
samples were air-dried, passed through a 2mm sieve and mixed thoroughly prior 
to analysis. 
Surface water sampling of the South River was conducted by emersion of a 
glass }ug into the middle of the current at a particular sampling site. The river 
was narrow enough to allow this to be done easily. Samples were kept in the 
glass jugs and analyzed as soon as possible after sampling. 
Equilibrium Studies 
The pH of all soil samples was determined after one hour equilibration in 
aqueous solution at 1:1 soil solution ratio using a Beckman Model 1019 research 
pH meter. 
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All phosphate equilibration studies were conducted in a uniform manner 
except in those studies conducted to assess the effects of variations in method 
of analysis. Air-dried soil samples were equilibrated on a wrist-action shaker 
(Burrell Model DD) with solutions of known initial phosphate concentration and 
constant ionic strength (.01 M CaC^) at 1:10 soil solution ratio. (Normally, 
2.5g of soil to 25ml of solution was used, except in systems of low phosphate 
concentration where 12.5g of soil to 125 ml of solution was used.) After a 
24-hr equilibration period, samples were centrifuged at 3000rpm for at least 
10 min, solution pH measured, and aliquots of solution taken for phosphate 
analysis. 
Desorption of phosphate from surface soils was measured using a similar 
procedure but the soil samples were equilibrated with both deionized water 
and .01 M CaC^* Turbidity was encountered in some samples when the soils 
were equilibrated with deionized water. 
All phosphate analysis was conducted by the method of Murphy and Riley 
(59) subject to minor modification. The reagent was made up in the ratio o^ 
50ml 5N H2SO^, 20 ml ammonium molybdate solution (15g/500ml H2O), 
10ml potassium antimony tartrate solution (.34g/500ml) and 1 .08g ascorbic 
acid made up to 100ml final volume with deionized H2O. Of this reagent, 
4.1 ml was used with 25ml total solution volume. 
In aqueous solutions absorbance was read after 20 min at 880 mp on a 
Zeiss PMQ II absorption spectrophotometer. Readings were made within 
several hours although the complex was stable for 24 hours. In aqueous 
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solutions of low phosphate concentration the color complex was concentrated 
by extraction with isobutanol (59). A 5.5:1 reduction (110ml to 20ml) was 
obtained by mixing aqueous and alcohol phases in a separatory funnel (10ml 
of reagent was added to 100 ml of aqueous phase and mixed prior to organic 
phase addition). After phase separation the aqueous phase was discarded and 
the organic phase drawn off. Eight-tenths ml of 95% ethanol was added to this 
organic phase to dissolve any water. Absorbance was read after 20 min at690mp 
using a 5 cm cell. 
Method of Determination of Equilibrium Phosphate Concentration 
The equilibrium phosphate concentration for a particular soil was determined 
following the method of White (61). Soil samples were equilibrated with solutions 
of known initial phosphate concentration and constant ionic strength. After 
equilibration the amount of phosphate adsorbed or released by the soil to the 
solution was calculated from the change in the solution phosphate concentration. 
This change in soil phosphate was calculated as pg of phosphate per gram of soil 
(APpg/g) and plotted against the final phosphate concentration (Figure 2). The 
phosphate concentration of the value of [ (AP pg/g) = 0] is the equilibrium phos¬ 
phate concentration. This graph provides a means to determine the ability of a 
soil to adsorb or release phosphate upon a change in the solution phosphate con¬ 
centration . 
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dV + dV- 
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Anion Exchange Resin Studies 
Anion exchange resin extractable phosphate was determined (with an 
Amberlite IRA401 strong base resin) using a modification of the methods of 
Amer et al. (2). Only dry resin particles (Amberlite IRA401 strong base resin 
in chloride form) not passing a 30-mesh sieve were used. Preparation of the 
resin was based on the outline of Zajicek (66). The resin was prepared by 
cycling through 1 N NaOH, water, and 1 N HCI in series using 15-bed volumes 
of NaOH and 10-bed volumes of HCI in total; 1- to 2-bed volumes of a reagent 
were used per cycle. Washing was completed by cycling in 95% ethanol (5-bed 
volume total), deionized water, and 1 N NaOH (5-bed volumes) using 1-bed 
volume per cycle. Final washing was conducted in deionized water and the resin 
stored wet. At the time of usage, resin was dried on a Buchner funnel prior to 
weighing. 
Extractable phosphate was determined by adding 1 g of soil to 1 g of resin in 
50ml of deionized water. Samples were equilibrated for 24 hr on a wrist-action 
shaker. Soil was separated from resin by washing on a 60-mesh sieve removing 
all high surface area clay particles. The resin was extracted in a separatory 
funnel using 40 ml of 1 M NaCl. NaCI extracts were made up to 50 ml volume 
with deionized water and aliquots taken for phosphate analysis by the previously 
outlined method. 
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Determination of Amorphous AI + Fe 
Amorphous iron and aluminum components in soils were extracted according 
to the method of Saunders (46). One and one-half grams of soil were extracted 
with a total of 100 ml of oxalate solution (24.9 grams per liter of ammonium 
oxalate and 12 grams per liter of oxalic acid), in two successive 1 —hr 50 ml 
steps. Extracts were combined and aliquots taken for digestion or organic 
matter and subsequent chemical analysis. Digestion was accomplished using 
8 ml concentrated HNO^ and 1 ml concentrated h^SO^ per 20 ml sample aliquot. 
(Perchloric acid was avoided because of interference in determination of aluminum.) 
After digestion to near dryness, samples were made up to volume in deionized water 
and appropriate amounts of these aqueous solutions taken for chemical analysis. 
Iron was determined by the o-phenanthroline method outlined in Greweling (17) 
modified to meet the high acidity of the samples. For analysis, 1 ml of 5% 
hydroxylamine solution, 2.5 ml of (.1%) o-phenanthroline solution and 5.0ml 
3N NaAc was added to samples for total solution volumes of 25 ml. Color was 
read on a Zeiss PMQ II spectrophotometer at 510mp after 30 min. Aluminum was 
determined by the aluminon method outlined in Greweling (17), again subject to 
modification for high acidity. To 10 ml aliquots of digest samples containing 
approximately 10 meq were added, 5 drops of thioglycollic acid solution 
(1 volume thioglycollic acid to 19 volumes H^O prepared daily), 3mi of .033% 
aluminon solution and 10 ml of 3 N sodium acetate buffer. Color was read after 
30 min at .515 mp. 
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To determine the amount of amorphous iron held by organic matter, soil 
samples were extracted with sodium pyrophosphate (Na^P^O^), as outlined in 
McKeague (34). Two grams of soil were extracted with 100ml of Na^^O^ 
for 24 hr (34,35). Samples were subsequently digested with 8 ml of concentrated 
HNOg and 1 ml h^SO^ to destroy organic matter. Digested samples were made 
up to volume with deionized water and aliquots taken for analysis. Iron was 
determined according to the procedure of Swank and Mellon (51) using mercap- 
toacetic acid. A 10% solution (by volume) of mercaptoacetic acid neutralized 
with ammonium hydroxide was used. Two ml of this solution and 10 ml of 3 M 
NH,OH were used for 100ml final volume. Absorbance was read after 30min 
4 
at 540 mp. 
Surface Water Analysis 
Surface water samples were analyzed for several nutrients in addition to 
phosphate which was measured by the procedures already described. 
Conductance measurements, an indication of dissolved salt concentration, 
were made using a Beckman RB-3 Solu-Bridge conductance meter with a 1 .0 cm 
cell. The concentrations of several individual dissolved ions were measured. 
Chlorides were determined using an Ag-AgCI electrode with a Beckman Model 
1019 research pH meter. Calcium, magnesium, and potassium were determined 
by atomic absorption using a Perkin-Elmer Model 214 absorption spectrophotometer. 
o 
Potassium was measured directly from water samples at 7665 A. Calcium and mag¬ 
nesium were measured at 1:5 dilution in 10,000 ppm LaCI at 2852^. and 4226A, 
respectively. 
21 
Nitrate-nitrogen was measured using the steam distillation procedure of 
Bremner outlined in Black (10). Devarda's alloy was used to convert nitrate 
to ammonia (.2 g of al ioy for a 50 ml water sample). The a I loy was prepared 
by powdering and removing all particles not passing a 300-mesh sieve. 
The amount of ammonia released was measured by distillation into a boric 
acid indicator and titration with .005 N h^SO^. The amounts of titrant used 
are compared to the amounts required for a standard nitrate solution (.361 g 
KNOg per liter yields a 50ppm solution of nitrate-nitrogen) and the quantity 
of nitrate-nitrogen calculated. 
22 
RESULTS AND DISCUSSION 
Preliminary Equilibrium Studies 
The literature on equilibrium studies contains no uniform agreement on a 
single set of experimental parameters which best represent field conditions. 
This is due to an incomplete knowledge of the interactions between all of the 
variables involved in this type of study. In order to determine the optimal 
experimental conditions for this study, preliminary investigations were con¬ 
ducted on a number of these variables. In selecting appropriate conditions, 
attempts were made to conform to general trends prevailing in the literature. 
Soil Moisture 
The process of air-drying and rewetting a soil sample may alter the phosphate 
adsorption behavior by changing the number of available adsorption sites and the 
affinity of existing sites for solution phosphate (63). 
The effects of using air-dried vs. field moist soil samples were tested on a 
Hadley sandy loam. Equivalent oven-dry weights (2.5g) of moist and dry soil 
samples were used to compare the equilibrium phosphate concentration ootained 
from each type of sample. The results showed a higher equilibrium phosphate 
concentration for the moist samples indicating that the air-dried samples removea 
greater amounts of phosphate from solution (Figure 3). These results could be ex¬ 
plained assuming that a greater number of adsorption sites were avai lable in the air 
dried soil. The actual mechanism, however, remains speculative. 
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For the purpose of this study it was decided to conduct analysis on air-dried 
samples. This conforms to practices used in a substantial portion of the literature, 
although use of field moist samples appears equally feasible. 
Equilibration Time 
A wide variety of shaking times for equilibrium studies has been reported in 
the literature. Times used range from a few minutes to several days with most 
studies employing 1-24 hr. In soil samples where the pool of labile phosphate is 
not uniform throughout, the time selected for equilibration may affect the equil¬ 
ibrium phosphate concentration (61). There is, however, no agreement on an 
optimal shaking time for all studies. 
To investigate the effects of shaking time, soil samples were equilibrated 
for time periods ranging from 1-100 hr and variations in solution phosphate con¬ 
centrations measured. The results indicated the uptake process to be rapid. For 
a Scituate fine sandy loam initial solution phosphate concentrations of 25ppm 
were reduced below 0.1 ppm after 6 hr equilibration (Figure 4). Little change in 
solution concentration was observed after 12 hr, indicating uptake to be nearly 
complete. Similar studies on a Hadley sandy loam showed only a small decrease 
in the phosphate concentration over a 24-hr period (Figure 5). This decrease may 
have been due to additional slow uptake of phosphate by soil particles as suggested 
in the kinetic studies of Amer et a]. (2). Alternatively, it may have been caused 
by microbial uptake of phosphate from the system (27). 
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On the basis of these results a 24-hr period of equilibration was selected 
for comparison of soil characteristics. (Some shorter periods have been employed 
to facilitate examination of other mechanical effects.) This 24-hr period has 
been widely used in studies reported in the literature and minimizes experimental 
error from inaccurate equilibration time. This selection of this relatively long 
shaking time may, however, introduce microbial effects into the system, a 
possibility which required investigation. 
Microbial Effects 
White (61) has suggested that in equilibrium studies of several hours or more, 
microbial activity may affect solution phosphate levels. This alteration can occur 
by either biological immobilization of phosphorus or solubilization of phosphorus 
by biologically produced acids (27). In either case, the result may be to alter 
solution phosphate concentrations if the magnitude of the effect is large. 
Investigation into this possibility of microbial alteration was conducted by 
equilibration of soi I samples in the presence and absence of a germicide (chloro¬ 
form). Samples were equilibrated for varying time periods ranging from 1 —24hr. 
The results, represented by the Hadley sandy loam data (Kgure 6), showed no 
observable microbial effects. 
These results may indicate that microbial effects were too small to be sig¬ 
nificant in these particular studies. Alternatively, solution phosphate released 
from the solid phase to maintain the solid solution equilibrium (27). If so, 
microbial activity was acting to delay attainment of equilibrium rather than 
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alter the solution phosphate concentration at equilibrium. In either case, there 
would be no observable variation in solution phosphate. 
On the basis of these results, and in view of the possibility of introducing 
side reactions by the use of a germicide (61), a 24-hr equilibrium period was 
maintained, without the use of chloroform. Even if microbial uptake did occur, 
the magnitude of the effect should be much less than the respective differences 
in phosphate status displayed by different soils. This is evidenced by the tremen¬ 
dous difference between the Scituate and Hadley soils in their ability to remove 
phosphate from solution. Phosphate concentrations in uptake studies on the 
Scituate soil were reduced from 25 ppm to .1 ppm in 6 hr while solution con¬ 
centrations in contact with the Hadley soil were reduced from 1 ppm to .2ppm 
in 6 hr. 
Soil Solution Ratio 
Researchers have found that the equilibrium phosphate concentration may 
be significantly affected by the soil solution ratio. According to White (63), 
this may be caused by a disequilibrium in the soil when the activity product 
22 • a H^PO, is not uniform throughout the sample. In these systems as the 
Ca 2 4 
soil solution ratio decreases, the equilibrium phosphate activity, a measure or 
the mean activity of soil phosphate, should decrease. 
30 
Studies on a Hadley sandy loam confirmed this behavior. At soil solution 
ratios of 1:5, 1:10, and 1:50 the measured equilibrium phosphate concentration 
values were .19ppm, .15 ppm, and .1 ppm, respectively, for an 18-hr equil¬ 
ibration conducted in .01 M CaC^ (Figure 7). 
For subsequent studies a 1:10 soil solution ratio was selected to conform with 
procedures generally reported in the literature. This ratio represents a compro¬ 
mise between low ratio (1:2 or less) which are difficult to work with experi¬ 
mentally and high ratio (1:100 or greater) which are subject to significant ex¬ 
perimental errors in concentration measurement. 
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Ground Water Phosphate 
Ground water sampling by suction lysimeters was conducted to investigate 
the potential for phosphate leaching from surface soils. Three sampling sites of 
different topography were selected on the basis of varying histories of intensive 
farming. (Figure 8). 
The first site located in Conway, Massachusetts, along the South River, 
was selected to study the relationships between heavily fertilized top soils, 
ground water phosphate concentrations, and surface water concentrations 
(Figure 8). The particular site selected for monitoring was characteristic of 
the topography found along this area of the river. The first of the three 
lysimeters at this site was located 10 ft. from the river on the edge of a mod¬ 
erately fertilized corn field and very near an area where manure was being 
spread. The second was located 100 ft. from the river and off the river valley 
floor in a hay field. The third was located 10 ft. from the river, 100ft. up¬ 
stream from the first lysimeter and directly downslope from the second lysimeter. 
The average measured phosphate concentrations over a three month period 
in the fall are listed in Table 1 . For lysimeters 1 , 2, and 3, the measured 
phosphate concentrations were 30, 2, and 10 ppb, respectively. Note that 
all three lysimeters were located at a uniform 30-in. depth. 
The measured phosphate concentrations did not show observable variation 
with seasonal change and tended to remain relatively constant over the period 
of sampling. 
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FIGURE 8 
LYSIMETER SITES 
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TABLE 1 
GROUND WATER PHOSPHATE CONCENTRATIONS 
Location Depth (in.) pH Phosphate (ppb) 
Conway 1 30 5.7 30 
2 30 6.4 2 
3 30 6.3 10 
South Deerfield 1 25 6.5 11 
2 40 6.3 10 
3 40 6.2 8 
4 30 6.3 14 
Amherst 1 40 5.8 6 
2 40 5.9 4 
3 20 5.9 6 
4 40 5.7 4 
35 
Physical examination of each site revealed several factors affecting the 
measured phosphate concentrations. The relatively high (30ppb) concentration 
at lysimeter No. 1 may have been due to hydrology. Visual observation in¬ 
dicated the lysimeter was located in the unsaturated zone and above the ground 
water level. Little water was obtained from this lysimeter over a given period 
of time compared to large quantities yielded by lysimeters No. 2 and 3. There¬ 
fore, the lysimeter's cone of depression may have encompassed the interstitial 
waters of the river bank sediments. This interstitial water is likely to be high in 
phosphate and may account for the high concentration levels measured in the 
lysimeter (48,53,57). A second alternative is that phosphate was being leached 
into the profile from the adjoining corn field. However, data from other lysimeters 
tends to refute this possibility. 
By way of contrast, the average phosphate concentration at lysimeter No. 2 
was constantly low and barely measurable. The large quantities of water yielded 
by the lysimeter indicated that it was located in the saturated zone. This was 
supported by auger tests which indicated a bedrock outcrop less than 1 ft. below 
the lysimeter. Apparently, ground water moving into the river valley from the 
surrounding hills was being forced close to the surface by the outcrop, ihese 
conditions suggest that the phosphate concentrations measured at this lysimeter 
were probably characteristic of ground water concentrations in this section or 
the valley. The surface concentrations in the South River at this location were 
approximately 27ppb. Hence, the ground water moving into the river would 
appear to be having a substantial dilution effect on the surface concentration. 
36 
Finally, the lOppb value measured at lysimeter No. 4 probably represents 
the influence of both interstitial waters of bank sediments and the substantial 
dilution effect of ground water moving directly downslope from site No. 3. 
In general then, these results indicate low phosphate concentrations in 
ground water and no significant evidence of leaching from the agricultural 
areas through which the ground water was moving. The low values, moreover, 
indicate that the ground water was having a dilution effect on the surface 
water phosphate concentration. 
The South Deerfield and Amherst sites v/ere selected to more closely examine 
the possibility of phosphate leaching from topsoils. Both sites were located in 
heavily farmed areas of relatively flat topography, characteristic of the 
Connecticut River Valley. At the South Deerfield site, four lysimeters were 
located under a uniformly heavily fertilized topsoil as indicated in Figure 8. 
Lysimeter depths were 20- and 40-in. to determine whether phosphate con¬ 
centrations varied. The results in Table 1 show average phosphate concentrations 
to be uniformly low, 8-14ppb. Moreover, there is no observable difference in 
concentration with depth. These results would indicate that phosphate was not 
being leached through the profile. 
This data is supported by the results from the Amherst site. Here, three 
lysimeters were located under heavily manured surface soils (l90 tons/a ere/year) 
and one under a check plot receiving no manure. The measured phosphate con¬ 
centrations ranged from 4-6 ppb, even lower than the values at South Deerfield. 
No observable trend was found with either depth or surface manuring. Visual 
37 
observation indicated that the subsoil texture was relatively uniform at each 
site. Moreover, hydrology did not appear to be a major variable at either site. 
The saturated zone appeared to fluctuate 20-60-in. and the hydrology exerted 
no observable influence on the measured phosphate concentrations at each site. 
In short, the findings of this subsoil monitoring study indicate that phosphate 
was not leaching from topsoils to subsoils. It is possible that under certain con¬ 
ditions not encountered in this study leaching may occur. However, in view of 
the particularly low phosphate concentrations encountered, it would appear that 
a substantial soil solution interaction is occurring to inhibit phosphate movement 
through the profile. 
Soil Chemical Analysis 
Several chemical properties of the surface and subsoils involved in this study 
were characterized as a preliminary step in the investigation of soil and solution 
phosphate interaction (Table 2). The properties were selected on the basis of 
their potential importance in either adsorption or mineralization mechanisms. 
Anion exchange resin extractable phosphate was measured for both surface 
and subsoils. This extractable phosphate can be used as an empirical indicator 
of the relative amounts of labile phosphate present in dirterent soils (56). This 
labile phosphate has been shown to be closely correlated to solution phospnate 
levels (37). Hence, relative amounts of extractable phosphate in soils may allow 
prediction of levels of phosphate in solution in contact with these soils. The 
results of this study (Table 2) indicate extractable phosphate in subsoils to range 
from 2-11 pg/g. Among the subsoils there is, however, no discernable relation 
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between resin extractable phosphate and measured phosphate concentrations in 
ground water. This may be due, in part, to the uniformly low values of both 
quantities and the lack of significant variation between soil samples. The sharp 
contrasts in surface and subsoil sample values do tend to confirm the fact that 
some form of chemical interaction is operating to prevent the movement of 
phosphate through the soil profile. 
This data is within the range of values reported in the literature. Amer etal. 
(2) found values ranging from 10-73 pg/g for a variety of mid-Western surface 
soi Is. 
Amorphous iron and aluminum components have been shown to be closely 
correlated to the ability of soils and sediments to adsorb phosphate from solution 
(64). The amounts of these components present in the subsoils in this study were 
measured in an attempt to account for variations in the measured phosphate con¬ 
centrations in ground water. 
The results in Table 2 showed that amorphous aluminum components in sub¬ 
soils ranged from 3-13 m mole/l 00g while amorphous iron components ranged 
from 2-6mmole/l00g. Surface soils showed higher amounts of amorphous com¬ 
ponents with aluminum ranging from 1 2-22 m mole/l 00g and iron ranging from 
7-13mmole/100g. The magnitude of these results is in agreement with other 
studies (53). However, in lake sediments amorphous iron components have 
been shown to be present in greater amounts than aluminum and apparently to 
be more active in phosphate uptake (64). No reason can be offered foi ihis 
behavior which serves to illustrate the limited knowledge concerning amorphous 
oxide components. 
40 
These results do not show direct con*e!ation between amorphous oxides and 
ground water phosphate concentrations at all locations. Although the Conway 
samples do show a relation between the total amount of amorphous material and 
measured phosphate in ground water. This relationship will be examined more 
closely later. 
In an attempt to clarify the nature of the amorphous iron components, soil 
samples were extracted with sodium pyrophosphate. McKeague (35) has shown 
that pyrophosphate will extract only organically bound amorphous iron. This 
procedure provides a means of determining the relative contributions of in¬ 
organic and organically bound amorphous iron components. Distinguishing 
between the two allows a more complete characterization of the soil sample. 
The results indicated in Table 2 show organically bound iron to comprise 
60-100% of the total amorphous iron. This data is in general agreement with 
results by McKeague (34) on a variety of Canadian subsoils. 
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Mineral Solubility Products 
Murrmann and Peech (36) and Wright (65) have shown that under certain 
conditions solution phosphate concentrations may be controlled by the solubility 
products of the crystalline minerals variscite, strengite, hydroxyapatite, and 
fluorapatite. If such mechanisms are controlling the solution phosphate concen¬ 
trations in the soils used in this study, then measured phosphate concentrations 
should correspond to mineral isotherm predictions. 
The H^PO^ activity in solutions in equilibrium with calcium phosphate 
minerals is determined by the solubility product of the minerals, the Ca activity 
and thepH of the solution. When the calcium activity isfixed (as in .01 MCaC^ 
solutions) the h^PO^ activity is a function only of solution pH and the solubility 
product of the mineral. The H^PO^" activity of solutions in equilibrium with 
variscite or strengite is determined by the solubility product of the mineral and 
+3 +3 ... . 
the Al or Fe activity in solution as well as pH. If the solution is also in 
+3 +3 
equilibrium with Al or Fe hydroxides, then the Al or Fe activity is determined 
by pH and the solubility product of the metal hydroxide. Thus, as shown by 
Lindsay and Moreno (31), the ac*‘v‘ty MCaC^ solutions in 
equilibrium with the several phosphate minerals may be represented as a function 
+3 +3 
of pH on a single diagram by assuming the Fe or Al activity to be determined 
by the solubility product of Fe or Al hydroxides. Such a diagram is presented in 
Figurewhere the negative logarithm of the ^2^^4 ac^'v'ty predicted for solu¬ 
tions in equilibrium with the different minerals is plotted as a function of the pH. 
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In constructing this diagram the following equilibria were assumed: 
Reaction: 
PK 
Fe(OH)3 * Fe+3 + 3 OH* + 38.7 
AI(OH)3 j* Al+3 + 3 OH* 33.8 
AIPO2 FLO 
4 2 
Al+3 + 2 OH* 
+ h2P04' 
30.5 
FePO,' 2 H.O j* 
4 2 
Fe+3 + 2 OH* + h2po; 33.6-35.0 
10 Ca2+ + 6 (PC I3*) + 2 OH* 113.7 
The above equations are taken from Lindsay and Moreno (31). 
Accordingly, subsoil samples were equilibrated with phosphate free solutions 
of 0.01 MCaC^* After equilibration solution phosphate concentrations and pH 
were measured. From these concentrations measurements of the phosphate activ¬ 
ities may be calculated and the results compared to theoretical isotherms. 
Calculation of Phosphate Activities 
The activity of an ion in solution is related to the concentration by: a.=y.c. 
' iii 
where a. is the activity, y. is the activity coefficient and c. the concentration of 
i i i 
the ion, i. For solutions of ionic strength less than .1 M the Debye-Huckel equa¬ 
tion may be used to calculate the activity coefficient, y (10). [(The ionicstrength 
2 
of a solution is defined by u = 1/2ZC.Z. where c. is the concentration and Z. is 
' 1 i i i i 
the charge of an ion (For .01 M calcium chloride p = .03) ]. 
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The Debye-Huckei equation may be written as: 
AZ. 
-logy = 
A = 
B 
a. 
i 
1 + Ba. VlT 
i 
/ 2/3 
1.82 *10 (c T) (e is the dielectric constant for water) 
(A = .5 for water at 25°C) 
50.3 (€ T) ^ ,33 for water at 25°C 
approach parameter for a particular ion 
,-10 
(for H2P^4 ^ -9); (for HPO^ *=» .66) X 10 ‘^A 
The above constants are taken from Stumm (50). Hence, the activity coefficient 
may be calculated for a given ion in solution and the activity subsequently de¬ 
termined. 
The measured phosphate concentration, however, is the sum of all of the 
orthophosphate species. 
[PTotal] = [H3P°4] + [H2P°4_1 + [HP04=1 + [P04'3] 
Here, brackets denote concentration. In order to evaluate the Debye-Huckel 
equation, it is necessary to express the total concentration in terms of one ionic 
species. The concentration of each species at a given pH is related by three 
consecutive acid dissociation reactions: 
H,PO, = H+ + H.PO” K. = 7.5 • 10~3 
3 4 2 4 1 
H.PO7 = H+ + HPO? K„ = 6.3 • Hf8 
2 4 4 2 
HPO" = H+ + POj3 K, = 4.7 • 10-1° 
4 4 3 
The values for the dissociation constants are taken from Wright (65). 
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By recalling that c - a/y the mass balance equation for the phosphate ion 
may be rewritten in terms of activities: 
(H3P°4> (H2P04) (HP04=) (POJ3> 
[PTotaP “ yH„PO. + rH PO.~ + yHPO.= + yHPO“ 
o 4 2 4 4 4 
Here, parenthesis denotes activity. 
By making appropriate substitutions this expression may be written as: 
(H+)(H2PO^) (H2P04") K2(h2p°4) K2K3(H2P04) 
[Pt] = ^ + V0; + (H+)yHpo4 + (H+)2rp0;3 
4 4 
Here, the total measured concentration is expressed solely in terms of the activity 
of the H~PO, ion. Rewritten: 
2 4 
{H2P°4) = “T 
H 
fPTotal^ 
1 K, 
+ 
K. yH2po; 
+ + 
K2K3 
(H+)r 
HPO 
(H+)2r -3 
^4 
This expression is a function of solution pH. All of the solution pH values in the 
present study fall between 5.2-6.0. Hence, the preceeding expression may be 
-3 . 
simplified since both the H^PO^and PO^ species are negligible in this pH range. 
(H2P°4> 
^Total1 
1 K. 
yH2po; 
+ 
(hV 
HPO 
This equation expresses the relation between the activity of the ion, 
the total measured solution phosphate, and H activity. 
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Results of Activity Calculations 
Figure 9 is a plot of the H^PO^ activities in the respective subsoil solutions 
.expressed as pP^PO^ versus solution pH. Superimposed on the diagram are the 
solubility isotherms for variscite, strengite, and hydroxyapatite as indicated by 
the solid lines. In all of the soil solutions in the present study the phosphate 
activities fall well below the predicted values of the solubility isotherms. This 
indicates that the crystalline minerals in these subsoils are probably not con¬ 
trolling the solution phosphate concentrations. These findings are in agreement 
with the results reported by Murrmann and Peech (38) for equilibrium studies 
with soil samples to which known quantities of crystalline minerals had been 
added. They found crystalline mineral dissolution to be too slow to affect 
solution phosphate concentrations, even over a two month period. 
In short, it appears that the solubility of crystalline minerals does not 
provide an explanation of the measured phosphate concentrations in these 
ground waters. 
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FIGURE 9 
GROUND WATER PHOSPHATE AND MINERAL SOLUBILITY PRODUCTS 
Variscij 
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sd. SO, 
lydroxyapatite 
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2 2 
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Equilibrium Phosphate Concentration 
White (61) has shown that measurement of the equilibrium phosphate potential 
provides a means of determining the relative ability of a soil to control solution 
phosphate. Taylor and Kunishi (57) applied this concept to analyze the relation¬ 
ship between surface water phosphate concentrations and stream bank sediments. 
Using such studies he determined the relative ability of different soils to remove 
or release phosphate to adjoining surface waters. 
A similar procedure was conducted in the present study in order to evaluate 
the relationship between ground water phosphate concentration and subsoil 
properties. The use of such studies also provides a means of indicating whether 
an adsorption type mechanism is controlling phosphate concentrations in the 
water. 
The procedures used have already been outlined. However, one modification 
discussed by White (61) has been employed. The equilibrium phosphate concen¬ 
tration values for the respective subsoils have been approximated by the concen¬ 
tration of phosphate .01 M calcium chloride solution after equilibration with the 
soil samples. This approximation involves little error in the present study because 
the amounts of adsorbed phosphate are extremely small. Hence, the difference 
between the approximation value and the actual equilibrium concentration is 
insignificant. 
The equilibrium concentration curves for all of the subsoils are shown in 
Figures 10, 11, and 12. Due to the extremely low values for the equilibrium 
concentrations, 1 — 16ppb, it is not possible to indicate the values on the grapns. 
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FIGURE 11 
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FIGURE 12 
EQUILIBRIUM PHOSPHATE CONCENTRATION FOR AMHERST SUBSOILS 
The equilibrium concentrations Gnd the relation between them and soil properties 
will be discussed in a later section. The curvilinear relation displayed by the 
graphs suggests an adsorption type of reaction mechanism. This possibility is 
more fully examined in the next section. 
Adsorption Isotherm Calculations 
Olsen and Watanabe (41) showed that phosphate uptake from solution could 
be related to the Langmuir adsorption isotherm for solutions. While such a 
correlation does not prove the existence of an adsorption process, it does suggest 
such a mechanism. 
The results of measurement of phosphate reaction with the subsoils of this 
study were analyzed to determine how well their characteristics fitted a Langmuir 
equation. A close relation would provide additional evidence for an adsorption 
process. 
The Langmuir equation is an expression for the removal of a solute from 
solution by adsorption onto a solid surface. The equation is defined by: 
kbc 
(x/m) = - 
1 +kc 
x/m = amount of phosphate 
b = the adsorption maximum 
c = equilibrium P concentration (moles/liter) 
k = constant related to the P bond energy 
In linear form the relation is expressed by: 
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In this equation c and x/m may be experimentally determined from equilibrium 
measurements. If a plot of c/x/m versus c is linear, the system is following the 
Langmuir equation. The adsorption maximum b is the inverse of the slope of the 
line and the constant k is determined by dividing the slope into the y intercept. 
Plots were made of c/x/m versus c for all subsoil samples using values for c 
and x/m obtained from equilibrium study data. The results are graphed in Figures 
13, 14, and 15. In general, the data appear to conform to linear relationships 
although there is considerable divergence in some individual points. 
On the assumption that the subsoils are in fact displaying a Langmuir type of 
adsorption, the constants b and k were calculated. The results are listed in 
Table 3. The Conway soils show the greatest variation in adsorption maximum 
b values with a range of 72-360 pg/g. 
For the South Deerfield and Amherst soils the b values are considerably more 
uniform, ranging from 150-250 pg/g. 
The Amherst No. 2 shallow subsoil is an exception displaying a b value of 
384 pg/g* In order to explain the variation in b values for the respective soils, 
it is necessary to examine some of the chemical characteristics of the soils. 
Empirical evidence has been presented by a number of researchers including 
Shulka (48) and Syers (53) that show amorphous iron and aluminum compounds to 
be important in removal of phosphate from lake waters. These results suggest that 
differences in the amorphous components may explain variations in the measured 
b values of Table 3. 
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To test this hypothesis the sum of the amountof amorphous iron and aluminum 
was correlated against the calculated b values for the respective subsoils 
(Figure 16). The high correlation coefficient (r = .76) is evidence that amor¬ 
phous iron and aluminum oxides are in fact providing adsorption sites. 
To summate, equilibrium studies provide a means of determining the relative 
ability of subsoils to adsorb phosphate. Additional evidence for the adsorption 
process is provided by fitting data to the Langmuir equation. The adsorption 
maximum, b, values calculated from this equation correlate closely to amounts 
of amorphous iron and aluminum components contained within the subsoils. 
Prediction of Ground Water Phosphate Concentrations 
If subsoils govern ground water phosphate levels via an adsorption mechanism, 
then it may be possible to predict phosphate levels from the results of equilibrium 
studies. Such quantitative prediction was not attempted by Taylor and Kunishi 
(47) in their studies of surface wafer sediment relations. However, for ground 
waters which may come to equilibrium with the subsoils through which they pass, 
the equilibrium phosphate concentration could approximate the ground water 
phosphate levels. 
Table 3 is a comparison of the measured ground water phosphate levels with 
equilibrium phosphate concentrations of the respective subsoils. I he results 
indicate agreement within an order of magnitude for most subsoiis. An exact 
correlation of high and low concentrations to ground water values is not, how¬ 
ever, achieved. It is difficult to speculate on the reasons for greater or lesser 
400 
300 
200 
100 
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FIGURE 16 
IRON AND ALUMINUM CORRELATION STUDY 
5 10 15 20 
mmoIes/lOOg Fe + AI 
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correlation. As indicated in Table 3, the Conway No. 1 ground water shows 
a substantial variation from the predicted value. In an attempt to improve 
predicted values an alternative method of calculation using the Langmuir 
equation was employed. The equation may be expressed as: 
x/ m 
kc = - 
b - x/m 
where x/m represents the amount of phosphate adsorbed on the soil, it may be 
defined in the following manner. If phosphate extracted from the soil using 
the anion exchange resin represents the adsorbed and water soluble phosphate 
naturally present in the soil, then: 
x/m = A -c V 
A = the resin exchangeable phosphate 
c = ground water phosphate concentration 
V = volume of soil solution 
By arbitrarily assuming a soil moisture level of 20%, it is possible to 
calculate x/m and subsequently c. (For most subsoils in this study c V is 
insignificant and x/m « A.) 
The results of this study are listed in the third column of Table 3. The 
calculated values show agreement with the lysimeter data only within an order 
of magnitude. 
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On the basis of this data, neither calculation accurately predicts the 
ground water levels. The correlation coefficient for the Langmuir calculation 
is .70 while the coefficient for the equilibrium concentration data is .05. In 
view of this data, it is difficult to assess the value of these calculations. They 
can be used to predict levels within an order of magnitude in many qualitative 
studies. However, these results do not support a strict quantitative usage. 
In order to evaluate the potential of such studies considerable additional 
research must be conducted. For the present, they appear to have qualitative 
value only. 
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Phosphate Desorption from Surface Soils 
Phosphate may enter surface water from agricultural land by two routes. 
One route is by leaching of the phosphate from the surface soil into ground 
water and transfer of the phosphate with the ground water into surface water. 
The second route is by erosion of surface soil into surface waters with sub¬ 
sequent release of phosphate from the soil particles. 
One ma}or conclusion to be drawn from the ground water studies is that 
very little phosphate leaches through the soil profile. Measured ground water 
phosphate concentrations are very low indicating that fertilizer phosphate re¬ 
mains near the soil surface. 
The measurements of anion exchange resin extractable phosphate show that 
substantial amounts of reactive phosphate are present in fertilized surface soils. 
This phosphate might be released from soil particles to water upon dilution as in 
erosion. If so, any erosion of such surface soils into surface water would add to 
the phosphate load of the water. 
The major question to be answered in assessing this erosion problem is to 
determine the effects of dilution on release of phosphate held by the soil 
particles. To study this problem, soil samples were equilibrated with solutions 
of both water and .01 M CaC^ at soiI solution ratios of 1:2 to 1:1000. These 
ratios are considerably above the levels of suspended sediments normally founa 
in rivers. They should, however, provide an indication of the extent of release 
of adsorbed phosphate to solution upon dilution. 
If phosphate is being held on surface soils by a reversible adsorption 
mechanism/ it should be possible to relate the amount of phosphate desorbed 
to the soil solution ratio using the Langmuir equation. Such a relation was 
used by Khasawneh (26). This equation may be expressed by: 
x/ m 
kc = - 
b -x/m 
x/m = amount of phosphate adsorbed, pg/g 
b = adsorption maximum, pg/g 
c = solution concentration 
k = equilibrium constant 
For desorption when x/m«<b: 
x/ m 
kc = - 
b 
or alternately: 
x/m = kbc 
If V is defined as solution volume, ml/g soil, S is defined as total amount of 
phosphate in solution, pg/g soil, and if is defined as: 
then: 
S-j. - x/m + S 
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Since c - S/V, where V is the solution volume in ml/g. 
sT kb 
S V 
or: 
and: 
kb 
+ 
V 
S 
kb 
+ — 
s 
T 
By plotting V/S equal to l/c against V, a straight line relationship should be 
obtained if the desorption reaction follows the Langmuir equation. The slope 
of this I ine in this equation permits calculation of the total amount of adsorbent 
in the system. 
The results of this study are indicated in Figures 17 and 18. In each figure 
the desorption data for different surface soils have been fitted to the Langmuir 
equation. Equilibration studies run in both water and .01 M CaCI^ show close 
agreement with the linear plot expected of systems following the Langmuir 
equation. In each figure the maximum phosphate desorption (S^) has been 
calculated from the slope of the linear plot in water. In three out of the four 
soils the slopes of the lines for water and CaC^ systems are quite close. (No 
explanation can be offered for the difference in slopes for the Essex soil.) 
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FIGURE 17 
DESORPTION ISOTHERMS 
V
/S
 
m
l/
|j
g
 
v/
s 
m
l/
ij
g
 
65 
FIGURE 18 
DESORPTION ISOTHERMS 
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V ml/g 
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Examination of the figures show that considerably more phosphate is 
desorbed in aqueous solution than is desorbed in .01 M CaCI^- Since the 
solution concentration c is inversely proportional to kb, the lower y intercept 
values (kb/Sy) for water indicate more phosphate released into solution than 
in .01 M CaC^. These findings are in agreement with results reported by 
Barrow (4) and Ryden et al. (45). Clark and Peech (12) have suggested by 
way of explanation that phosphate may be coadsorbed with exchangeable 
cations such as calcium on the surfaces of soil particles, thereby diminishing 
the amount of desorbed phosphate. 
In water the calculated values of for the four soils range from 50-200pg/g. 
These values agree closely with the values of resin exchangeable phosphate de¬ 
termined for each of the respective soils. Under conditions of large dilution, 
all of the resin exchangeable phosphate may be desorbed into water. This 
means that for heavily fertilized topsoils potentially large amounts of phosphate 
may be released into stream waters during erosion. For the Hadley soil this 
theoretically could amount to 300 lb of phosphate per acre (6 inches). Alter¬ 
natively, water containing 200 ppm of eroded Hadley soil as suspended sediment 
would show an increase in the phosphate concentration of 30 ppb. 
Erosion of soils and stream bank sediments low in phosphate could, however, 
show the opposite effect of Ryden et al. (45) and Taylor and Kunishi (57) of 
removing phosphate from water. The overall effect of erosion on surface water 
is thus likely to be a complex phenomenon highly dependent upon a large number 
of variabl es. 
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SUMMARY 
Phosphate in fertilized topsoils is more likely to affect surface waters by 
direct erosion of soil particles and phosphate desorption than by leaching into 
ground waters and subsequent movement into surface waters. 
The results of lysimeter studies revealed low ground water phosphate concen¬ 
trations and no evidence of leaching at three field sites receiving moderate to 
heavy surface applications of manure and fertilizer. 
Laboratory studies indicated that 1) ground water phosphate concentrations 
were below the levels expected if the phosphate concentration levels were being 
controlled by the solubility products of variscite, strengite, or hydroxyapatite; 
2) equilibrium studies indicated that phosphate concentrations were being governed 
at least in part by an adsorption mechanism which fitted closely to the Langmuir 
equation; and 3) attempts to predict ground water phosphate concentrations on the 
basis of equilibrium studies and Langmuir calculations proved inconclusive. 
Qualitative agreement within an order of magnitude was achieved but exact 
quantitative agreement was not achieved. This may be due in part to the vari¬ 
ation in Ca"1"^ concentration in the natural and laboratory systems. Further study 
into the feasibility of prediction is warranted. 
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Studies conducted on the effects of dilution on phosphate in fertilized 
topsoils revealed desorption to occur in a manner predictable by the Langmuir 
equation. In both water and .01 M CaC^ systems the Langmuir calculation 
for the amount of phosphate desorbed in the limit of large dilution agreed 
closely with the measured resin exchangeable phosphate of the soil. 
* 
69 
APPENDIX 
Surface Water Monitoring of the South River 
It has been suggested that agricultural practices including animal waste 
spreading and fertilization may contribute to high nutrient loadings in surface 
waters. The result may be physical and chemical impairment of the water 
quality. 
In light of this, a study was conducted to assess the effects of agricultural 
practices on water quality. (This study formed the background for the research 
discussed in the body of this thesis.) 
A study consisting of monthly monitoring over a one year period was con¬ 
ducted on the South River in Western Massachusetts. This river is a Berkshire 
tributary to the Deerfield River and subsequently to the Connecticut River 
(see Figure 19). It was selected because it met a number of criteria important 
to the problem of studying the relation of agricultural practices to water quality. 
The river is small (15 miles long) and of relatively low flow (average annual 
discharge 45 cfs). It is located in a relatively isolated basin both geographically 
and hydrologically. There are no ma|or industries aside from agriculture along 
the river. The towns in the valley are small and few in number. Finally, there 
are several relatively well-defined areas under intensive farming along the river. 
In short, it was felt to be a relatively simple river to monitor with a minimum of 
variables. 
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SOUTH RIVER 
SITE DESCRIPTION (FIGURE 20) 
Site 1. This site was located approximately 200 yards below the ground water 
source of the river. The terrain is forested hillside of moderate slope. 
There are very few houses or agricultural land near the stream. 
Site 2. This site was located {ust above Ashfield Lake in a marshy area of flat 
terrain. There are a few houses in the area and some field acreage 
above the site. 
Site 3. This site was located 300 yards from the outflow of Ashfield Lake in the 
center of Ashfield. There is considerable evidence of direct emptying 
of drainage water and sewage into the river in this area. 
Site 4. This site was located two miles below Ashfield in an area of intensive 
farming on both sides of the river. The river at this point has considerably 
greater flow than at the preceeding three sites. 
Site 5. This site was located 200 yards down river from Site 4. Between the 
two sites a considerable quantity of manure was being spread adjacent 
to the river bank. 
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Site 6. This site was located one-half mile from Site 5 at the end of the South 
Ashfield agricultural area. The areas adjacent to the river at this site 
were primarily pasture land. 
Site 7. This site was located approximately 5 miles down river from South Ashfield. 
(The terrain between Sites 6 and 7 is primarily wooded hills with a sub¬ 
stantial drop in elevation.) Adjacent to this site are some houses forming 
the western edge of Conway. 
Site 8. This site was located 2 miles below Conway in the second intensively 
farmed section of the river valley. (Flow at both Sites 7 and 8 is con¬ 
siderably greater than at the South Ashfield sites.) Manure spreading and 
crop fertilization were occurring on both sides of the river. 
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Eight sites were selected along the river for monthly sampling. The sites were 
specifically selected to determine whether agriculture was, in fact, affecting the 
river (Figure 20). Of primary concern were nitrogen and phosphate concentrations 
in the water, since these are ma{or components of both animal v/aste and fertilizer. 
If agricultural practices were affecting the river, it was felt that these effects 
would show up in the variations in the levels of these two constituents between 
agricultural and nonagricultural areas. 
The results of this study are indicated in Tables A-l, A-2, A-3, and A-4. 
Table A-l indicates the levels of NO^-N and PO^-Ppresent in the river over the 
sampling period. Nitrate-nitrogen ranged from trace to 1.5 ppm with average 
values of about .8ppm (United States Public Health Service, USPHS, limits for 
NO^-N in water are 10ppm). Concentration values are very low above Ashfield 
at the river's source, but increase significantly in the town of Ashfield (average 
.39ppm). Concentration values increase at the three South Ashfield sites (average 
.61-.77ppm), decrease prior to Conway at Site 7 (average .50ppm), and sub¬ 
sequently increase to .57ppm after Conway at Site 8. 
This trend is observed on all of the sampling dates. In general, then, NO3-N 
was found to be very low, well below the U.S.P.H.S. limits. A characteristic 
trend in concentration values was observed from site to site, but no readily apparent 
seasonal trend was observable. 
Fhosphate levels in the river show a trend similar to that of nitrate. Very low 
values (average 3ppb) are recorded for sites above Ashfield. These values increase 
significantly in the town of Ashfield (average 40ppb) and show a further slight in- 
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crease in South Ashfield (average 50-64ppb) followed by a significant reduction 
above Conway (average 17ppb), and subsequent slight increase after Conway 
(average 21 ppb). These values are similar to other reported values for stream 
phosphate concentrations (40). There is no U.S.P. H.S. maximum for phosphate. 
It has, however, been suggested that concentrations of phosphate as low as 10ppb 
PO^-Pmay be sufficient to stimulate algal growth. 
Tables A-2, A-3, and A-4 indicate the observed variations in magnesium, 
calcium, pH, conductivity, potassium, and chloride. All of the dissolved salts 
show the same concentration variation from site to site displayed by nitrates and 
phosphates. Initial values are very low followed by increases in Ashfield and 
South Ashfield, and significantly decreased values in Conway with a Isight in¬ 
crease after Conway. Both chlorides and dissolved salts are far below the U.S. 
P. H.S. water quality limits. 
Unfortunately, only limited conclusions may be drawn from this data. In 
the course of conducting this study it became apparent that to evaluate this con¬ 
centration data, accurate flow data would be required at each site. Without flow 
data it is impossible to determine the actual amounts of phosphate involved. 
Second, to draw conclusions concerning agricultural practices on the basis of 
monitoring data would require a program of greatly increased frequency of 
sampling. The optimal condition would be continuous flow data with almost 
daily monitoring. The reason is that variations in rainfall intensity and duration 
in conjunction with seasonal variations would be expected to produce greater or 
lesser amounts of runoff and erosion. Variations of this type could produce flushes 
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of nutrients from topsoils perhaps during only a few runoff periods of the year. 
A relatively complex system would be required to first record these occurrences 
and second, and much more difficult, to relate them to specific causes such as 
fertilizer or animal waste practices. 
•X 
In short, monitoring data is a useful fool in determining the magnitude of 
nutrient loadings, but is severely limited as a means of determining causes behind 
these nutrient loadings. This will be particularly true in areas such as the South 
River Valley where the total amount of agriculture is relatively small and in¬ 
sufficient to drastically alter concentration levels. 
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